A B S T R A C T The model hydrogen peroxide-myeloperoxidase-chloride system is capable of generating the powerful oxidant hypochlorous acid, which can be quantitated by trapping the generated species with the ,-amino acid, taurine. The resultant stable product, taurine chloramine, can be quantitated by its ability to oxidize the sulfhydryl compound, 5-thio-2-nitrobenzoic acid to the disulfide,5,5'-dithiobis(2-nitrobenzoic acid) or to oxidize iodide to iodine. Using this system, purified myeloperoxidase in the presence of chloride and taurine converted stoichiometric quantities of hydrogen peroxide to taurine chloramine. Chloramine generation was absolutely dependent on hydrogen peroxide, myeloperoxidase, and chloride and could be inhibited by catalase, myeloperoxidase inhibitors, or chloride-free conditions. In the presence of taurine, intact human neutrophils stimulated with either phorbol myristate acetate or opsonized zymosan particles generated a stable species capable of oxidizing 5-thio-2-nitrobenzoic acid or iodide. Resting cells did not form this species. The oxidant formed by the stimulated neutrophils was identified as taurine chloramine by both ultraviolet spectrophotometry and electrophoresis. Taurine chloramine formation by the neutrophil was dependent on the taurine concentration, time, and cell number. Neutrophil-dependent chloramine generation was inhibited by catalase, the myeloperoxidase inhibitors, azide, cyanide, or aminotriazole and by chloride-free conditions, but not by superoxide dismutase or hydroxyl radical scavengers. Thus, it appears that stimulated human neutrophils can utilize the hydrogen peroxide-myeloperoxidasechloride system to generate taurine chloramine. Based on the demonstrated ability of the myeloperoxidase Drs. Klein, Slivka, and Wei completed this work in partial fulfillment of an Honors Degree from the University of Michigan.
A B S T R A C T The model hydrogen peroxide-myeloperoxidase-chloride system is capable of generating the powerful oxidant hypochlorous acid, which can be quantitated by trapping the generated species with the ,-amino acid, taurine. The resultant stable product, taurine chloramine, can be quantitated by its ability to oxidize the sulfhydryl compound, 5-thio-2-nitrobenzoic acid to the disulfide,5,5'-dithiobis(2-nitrobenzoic acid) or to oxidize iodide to iodine. Using this system, purified myeloperoxidase in the presence of chloride and taurine converted stoichiometric quantities of hydrogen peroxide to taurine chloramine. Chloramine generation was absolutely dependent on hydrogen peroxide, myeloperoxidase, and chloride and could be inhibited by catalase, myeloperoxidase inhibitors, or chloride-free conditions. In the presence of taurine, intact human neutrophils stimulated with either phorbol myristate acetate or opsonized zymosan particles generated a stable species capable of oxidizing 5-thio-2-nitrobenzoic acid or iodide. Resting cells did not form this species. The oxidant formed by the stimulated neutrophils was identified as taurine chloramine by both ultraviolet spectrophotometry and electrophoresis. Taurine chloramine formation by the neutrophil was dependent on the taurine concentration, time, and cell number. Neutrophil-dependent chloramine generation was inhibited by catalase, the myeloperoxidase inhibitors, azide, cyanide, or aminotriazole and by chloride-free conditions, but not by superoxide dismutase or hydroxyl radical scavengers. Thus, it appears that stimulated human neutrophils can utilize the hydrogen peroxide-myeloperoxidasechloride system to generate taurine chloramine. Based on the demonstrated ability of the myeloperoxidase INTRODUCTION Human neutrophils can utilize the H202-myeloperoxidase-halide system to generate a powerful oxidant capable of destroying a variety of microorganisms and mammalian cell targets (1) (2) (3) (4) . Chloride, bromide, iodide, or thiocyanate may all be effective substrates in the myeloperoxidase system but, based on their in vivo concentrations, Cl-is thought to be the preferred halide (1, 4) . In the presence of Cl-, the final mediator of myeloperoxidase-dependent events has been debated but increasing evidence indicates that hypochlorous acid (HOCI) is the responsible toxic species (5) (6) (7) (8) (9) (10) . In 1976, Harrison and Schultz (10) demonstrated that a model system consisting of H202, purified myeloperoxidase, and Cl-generated HOCI (Eq. 1). myeloperoxidase H202 + C1 HOC1 + H20 ( Unlike other peroxidases that may oxidize acceptor molecules via the formation of a chlorinating intermediate (11) , myeloperoxidase preferentially catalyzes the. peroxidation of the chloride ion to free HOC1 (10) . Recently, we have demonstrated that human neutrophils stimulated with phorbol myristate acetate (PMA)l destroyed cell targets by a myeloperoxidasedependent process that could be inhibited by a variety of compounds known to scavenge HOCI (8, 9 (20) . Catalase was washed over an XM-100A ultrafiltration membrane (Amicon Corp., Lexington, MA) and assayed before use (19) .
Taurine chloramine quantitation
The ability of HOCI to react with taurine was confirmed by adding a known amount of reagent NaOCl (Fisher Scientific Co.) to taurine. The OCI-concentration was calculated from its absorbance at 292 nm at pH 12.0 assuming an extinction coefficient of 350 M`cm-' (21) . Fig. 1 shows the UV spectrum of a solution of OCI-/HOCl (pK. - (Fig. 1) . The resultant spectrum with a X maximum of -250 nm is characteristic of monochloramines (12, 13) . Under these conditions, dichloramine formation (X maximum 300 nm) was not detected (14) . To rule out the formation of a mixture of taurine chloramine and HOCI, H202 was added to the system. H202 can reduce HOCI but does not react with taurine chloramine (7) . As expected, the addition of H202 abolished the HOC1 spectrum but had no effect on the taurine chloramine concentration (Fig. 1) (14) . Because 1 mol taurine chloramine retains 2 mol oxidizing equivalents (7) , its concentration can be sensitively determined by the ability to oxidize 2 mol of the sulfhydryl compound 5-thio-2-nitrobenzoic acid (TNB) to 1 mol of the disulfide, 5-5'-dithiobis(2-nitrobenzoic acid) (DTNB) or 2 mol of I to 12 (7, 14) . TNB was prepared by reducing DTNB (Sigma Chemical Co.) (7) and its concentration determined by its absorbance at 412 nm assuming an extinction coefficient of 1.36 X 104 M`cm-' (22) . The 12 concentration was determined spectrophotometrically in the presence of excess 1-as I-(e = 2.29 X 104 M`cm-') (23) .
In experiments with the model myeloperoxidase system or intact neutrophils, samples were assayed for taurine chloramine formation at the end of the incubation period by adding either TNB (0.45 mM) or KI (20 mM) to the entire mixture. The samples were immediately centrifuged (500 g for 5 min) and the absorbance recorded at 412 or 350 nm, respectively. In selected neutrophil experiments, the supernatant and cell button were analyzed separately for chloramine content. Catalase was added to all systems before the addition of TNB or KI due to the ability of high concentrations of H202 to slowly oxidize TNB or 1-. The addition of catalase did not interfere with either of the assays.
High voltage paper electrophoresis
In selected experiments the presence of taurine chloramine formation was examined by high voltage paper electrophoresis. Supernates were removed from the test mixtures and spotted on Whatman No. 3MM paper (Whatman Ltd., England). Electrophoresis runs were carried out for 30 min in a borate buffer (pH 9.0) at 3,000 V and a current of 150 mA. Taurine was visualized with ninhydrin spray (Sigma Chemical Co.) and the taurine chloramine was visualized with a 2% KI solution in acetone (13) .
Hydrogen peroxide generation H202 generation was determined in the presence of 1 mM azide by the method of Thurman et al. (24) .
RESULTS
Taurine chloramine generation by the H202-mnyeloperoxidase-Cl-system. Under ideal conditions, the addition of known amounts of H202 to purified myeloperoxidase and Cl-should result in the formation of an equimolar concentration of HOCI. If the experiment is performed in the presence of an excess of taurine, then the HOC1 should be trapped as the chloramine. Fig. 2 illustrates the relationship between H202 added and taurine chloramine detected in a cellfree myeloperoxidase system. Under the conditions used, -100% of the H202 was converted to chloramine. The presence of taurine chloramine was confirmed by the UV absorption spectrum of the sample.
As described in Methods, the chloramine had an absorption maximum at -250 nm and was resistant to H202 (data not shown). The amount of taurine chloramine formed was also dependent on the taurine concentration. As little as 0.1 mM taurine (100 nmol/ml) scavenged almost all of the HOC1 (data not shown). If 100 nmol of H202 were added to myeloperoxidase and Cl-in the absence of taurine, incubated for 60 min and then taurine added, <5 nmol of chloramine could be detected. Although the enzyme does not require taurine to generate HOCI, myeloperoxidase is rapidly inactivated by this oxidant (6, 10) and any residual HOC1 would be reduced by H202 (7). Thus, it appears that the myeloperoxidase system can utilize H202 to generate HOCI which, in the presence of taurine, leads to the formation of chloramine.
Requirements for taurine chloramine formation by the model myeloperoxidase system. Elimination of H202, myeloperoxidase, or Cl-completely inhibited the formation of taurine chloramine (Table I) pected, the addition of catalase (degrades H202) markedly inhibited chloramine formation, while neither superoxide dismutase (dismutates 02--to H202) nor heat-inactivated catalase had any effect (Table 1) . Azide, cyanide, and aminotriazole, three classic myeloperoxidase inhibitors, all blocked taurine chloramine formation, and the OH scavengers, ethanol or mannitol, were without an inhibitory effect. Thus, as predicted, taurine chloramine formation was dependent on H202, functional myeloperoxidase, and Cl-. Taurine chloramine formation by intact neutrophils. If intact neutrophils can utilize the H202-myeloperoxidase-Cl-system to generate HOCI or a species of similar reactivity we would predict that, in the presence of taurine, stimulated neutrophils should produce taurine chloramine. Fig. 3 demonstrates that a mixture of 2.5 X 106 PMA-stimulated neutrophils incubated with taurine for 2 h accumulated a species capable of oxidizing TNB to DTNB. Resting cells did not oxidize any of the TNB added. Addition of a reducing agent (cysteine) resulted in the recovery of >98% of the added TNB. The presence of taurine chloramine was confirmed in scaled up experiments by UV spectrophotometry. Fig. 4 (Fig. 4) . As expected, the addition of H202 did not reduce the chloramine (data not shown). Identical results were obtained with opsonized zymosan-stimulated neutrophils. The presence of taurine chloramine was also reinforced by high voltage paper electrophoresis. In this system, taurine standards migrated 5.5 cm, while synthesized taurine chloramine migrated 17 Quantitation of taurine chloramine generation by neutrophils. Both PMA-or zymosan-stimulated neutrophils generated increasing amounts of taurine chloramine as the taurine concentration was increased until a plateau was reached at -15 mM taurine (Fig. 5) . The dose of PMA (30 ng/ml) and zymosan (1.25 mg/ ml) used gave maximal results. Resting cells did not generate detectable amounts of taurine chloramine. In addition, 15 mM taurine did not depress the neutrophils' respiratory burst as assessed by 02 consumption, O2--generation (data not shown), or by H202 release from azide. 2.5 X 105 PMA-or zymosan-stimulated neutrophils in the presence of 1 mM azide generated 39.7±4.6 and 32.0±8.3 nmol H202/h alone while producing 43.0±3.7 and 32.0±10.0 nmol/h, respectively, in the presence of 15 mM taurine (mean±1 SD, n = 3).
Taurine chloramine generation was dependent on the length of the incubation period and was essentially complete after a 2-h incubation (Fig. 6A) . The relationship between neutrophils number and taurine chloramine formation is illustrated in Fig. 6B These results indicate that neutrophils can produce significant amounts of taurine chloramine, but the quantitation assumes that the generated chloramine is stable in the complex cell system. To assess the stability of taurine chloramine in the neutrophil system, we examined our ability to recover 50 nmol of exogenous taurine chloramine from mixtures of both resting and PMA-or zymosan-stimulated cells. After a 2-h incubation, >95% of the exogenous taurine chloramine could be recovered from either the resting or stimulated cell mixtures. Thus, this quantitative technique appears to accurately reflect the total amount of taurine chloramine generated.
Requirements for taurine chloramine formation by neutrophils. If taurine chloramine generation by the stimulated neutrophil is mediated by HOC1 or a similar species, we would expect a requirement for H202, myeloperoxidase, and Cl-. As shown in Table II , catalase significantly inhibited taurine chloramine generation by 2 X 106 PMA-or zymosan-stimulated neutrophils. The inhibitory effect of catalase increased to 90 and 65% with 1 X 106 PMA-or zymosan-stimulated cells, respectively (PMA control 53.8±9.3; n = 5, zymosan control 53.7±10.4; n = 3). Heat-inactivated catalase had no inhibitory effect with either stimulus (Table II) . The addition of superoxide dismutase did not inhibit chloramine generation by the neutrophils with either stimulus. The heme-enzyme inhibitors, azide, cyanide, and aminotriazole were each capable of inhibiting chloramine formation, while neither ethanol nor mannitol had any inhibitory effect (Table II) .
Because endogenous myeloperoxidase was apparently required for chloramine formation, we examined the effect of exogenous peroxidase in the neutrophil 0.1 15 20 TAURINE (mM) FIGURE 5 The effect of taurine concentration on the formation of taurine chloramine by neutrophils. 2 X 106 neutrophils were incubated with varying concentrations of taurine for 2 h at 37°C in 1 ml of Dulbecco's buffer (pH 7.4). Neutrophils were incubated in the presence of 30 o The complete system consisted of 2 X 106 neutrophils incubated with 15 mM taurine in Dulbecco's buffer (pH 7.4) in a final volume of 1 ml at 37°C for 2 h. The cells were stimulated with either PMA (30 ng/ml) or zymosan (1.25 mg/ml). Neutrophils were preincubated with azide, cyanide, or aminotriazole for 5 min at room temperature before addition of the stimulus. The chloride-free experiments were performed in the 0.1 M sodium phosphate buffer with MgSO4 (pH 7.4).
I Results are expressed as the mean percentage of control ± 1 SD of six paired experiments with catalase, superoxide dismutase, azide, cyanide and aminotriazole. Heat-inactivated catalase was studied in two-paired experiments. The control taurine chloramine generation for PMA-and zymosan-stimulated cells were 115.1±15.3 and 98.2±20.4, respectively. The results for the Cl-free experiments are expressed as the mean of two-paired experiments. The controls were performed in a 0.1 M NaCl-phosphate buffer and the values for 2 X 106 PMA-and zymosan-stimulated neutrophils were 122.0 and 85.5 nmol taurine chloramine, respectively. § If the azide concentration was increased to 1 mM, the TNB oxidation was inhibited only 50%. Further studies revealed that in the presence of 1 mM azide, high concentrations of H202 were formed capable of mediating TNB or 1-oxidation. In contrast, higher concentrations of cyanide did not increase TNB oxidation. However, cyanide along with other nucleophiles can directly reduce DTNB (25) . In this system the addition of <1 mM cyanide reduced <5 nmol of DTNB.
system. PMA is a poor stimulus for myeloperoxidase release (26, 27) and exogenous enzyme might be expected to enhance chloramine generation. Indeed, in three experiments the addition of 16 mU of purified myeloperoxidase enhanced chloramine generation by 2 X 106 PMA-stimulated neutrophils from 124.0±8.0 nmol to 178.0±4.0 nmol during a 2-h incubation. Zymosan-stimulated neutrophils were not affected by the addition of myeloperoxidase (119.1±3.5 vs. 116.7±3.7 nmol taurine chloramine; n = 3). A possible requirement for Cl-was examined by performing the neutrophil experiments in a Cl--free buffer (Table II ). In the absence of Cl-chloramine generation was significantly inhibited. Although the functional activity of the neutrophil in a Cl--free system is questionable, neither the addition of exogenous H202 nor myeloperoxidase alone or in combination stimulated chloramine generation. Thus, it appears that both PMA-or zymosan-stimulated neutrophils utilize the H202-myeloperoxidase-Cl-system to generate taurine chloramine.
DISCUSSION
Neutrophils can generate H202 and release myeloperoxidase into a Cl-containing environment to form a powerful oxidizing agent capable of attacking microorganisms, mammalian cells (1, 4) , and a variety of soluble inflammatory mediators (for recent examples, see references 28 and 29). In the presence of H202 and Cl-, purified myeloperoxidase can continuously generate free HOC1 via a mechanism that does not require the presence of organic chloride acceptors (10) . Apparently, the enzyme system does not directly chlorinate substrates nor does it generate other chloride oxidation products. In solution, HOCI may be in equilibrium with other oxychloro compounds, but HOC1 and its anion OC1-are the predominant species under physiologic conditions (30) .
Both HOCI and OC1-are powerful oxidants capable of reacting with amines, amino acids, sulfhydryls, disulfides, thioethers, aromatics, and a variety of potentially important biological substrates (30) (31) (32) (12) (13) (14) . The applicability of this technique was initially examined in a model H202-myeloperoxidase-Cl-system wherein H202 was stoichiometrically oxidized to a product capable of chlorinating taurine. Based on the known ability of the myeloperoxidase system to generate free HOCI (10) , it would seem that this oxidant was responsible for taurine chloramine formation. Thus, it appeared that taurine might allow us to trap and quantitate chloride peroxidation products generated by the intact neutrophil.
In the presence of taurine, PMA-or zymosan-stimulated neutrophils generated large quantities of a species capable of oxidizing TNB to DTNB or I-to I2. Both UV spectrophotometry and high voltage paper electrophoresis helped confirm the formation of taurine chloramine. Although monochloramines can be oxidized to dichloramines (13, 14, 30) , we found no evidence for the generation of this oxidant by the neutrophil in the presence of a large excess of taurine. These data indicate that neutrophils can form an oxidant capable of attacking the amine group of taurine to form the N-Cl derivative.
Chloramine generation by the neutrophils plateaued as the concentration of exogenous taurine reached 15 mM. The optimal concentration of taurine was significantly higher than that used in the model myeloperoxidase system and probably reflects the increased number of potential substrates in the more complex neutrophil system. Similarly, at low taurine concentrations, increased amounts of chloramine were detected with PMA as the stimulant as opposed to zymosan particles. Higher concentrations of taurine might be required to scavenge the oxidant with zymosan because the chloride peroxidation product can react with the opsonized particle.2 Alternatively, zymosan is internalized and high taurine concentrations could favor an increased intravacuolar concentration of the scavenger. It is interesting to note that even in the absence of exogenous taurine, small amounts of a stable oxidant could be detected with either stimulant (Fig. 5) . Whether this represents the formation of an endogenous chloramine or some other stable oxidant remains to be determined.
Analysis of the oxidant distribution in the supernatant and cell button revealed that the majority of the chloramine was in the extracellular milieu, but we cannot be certain that this necessarily reflects extracellular chloramine generation. Either the chloride peroxidation products or the chloramine itself might be generated within the vacuole and then diffuse out of the cell. At present, the amounts of taurine available within the vacuolar space to scavenge the oxidant are unknown. Alternatively, neutrophils do release H202 and myeloperoxidase extracellularly (1, 4), and we might be detecting only those chloramines generated outside the cell. In other studies, myeloperoxidase-2 S. J. Weiss. Unpublished observations. mediated iodination products generated by neutrophils are also preferentially localized in the extracellular rather than the intracellular environment (1, 16) .
Studies designed to determine the requirements for taurine chloramine generation by the neutrophil clearly indicated a pivotal role for H202, myeloperoxidase, and Cl-. First, the ability of the cell to generate the chloramine was inhibited in the presence of catalase. Although catalase inhibited taurine chloramine generation by either PMA-or zymosan-stimulated cells, it was more effective in the PMA system. PMA-stimulated cells release large amounts of oxygen metabolites extracellularly but only small quantities of myeloperoxidase (26, 27) , while zymosan-stimulated neutrophils generate oxygen metabolites and release large amounts of myeloperoxidase into the phagocytic vacuole. Thus, in the presence of PMA, catalase may not have to gain access into the small vacuolar space to inhibit chloramine formation and, in addition, would be competing for H202 with a lower concentration of myeloperoxidase. Second, a role for myeloperoxidase was underlined by the ability of azide, cyanide, and aminotriazole to inhibit taurine chloramine generation. Although cyanide and aminotriazole can directly inhibit myeloperoxidase, they can also react with HOC1 (30) . It should be noted that a variety of peroxidase inhibitors seem to mediate their effects by interacting with the activated halide rather than directly with the enzyme (33, 34) . Finally, a Cl-requirement was based on the inhibitory effects of Cl--free conditions on chloramine formation. These results are not surprising since the oxidant being measured is itself a chlorinated derivative. Although neutrophils incubated in Cl--free buffers may have altered functions, neither exogenous H202 nor myeloperoxidase stimulated chloramine generation. Thus, it appears that intact neutrophils can utilize the H202-myeloperoxidaseCl-system to generate an oxidant capable of chlorinating taurine. Based on the demonstrated ability of the myeloperoxidase system to peroxidize Cl-to HOCI, it would seem that this is the most likely species responsible for chloramine formation. Although this conclusion is indirect, it should be reemphasized that myeloperoxidase does not directly chlorinate organic Cl-acceptors and has not been demonstrated to generate any other chloride oxidation products (10, 11) .
HOC1 is a powerful oxidant capable of reacting with a host of biologically important molecules (30) (31) (32) . We have previously shown that a human tumor cell line is sensitive to low concentrations of HOC1 (8) and Thomas (17) has demonstrated its strong bactericidal potential. Indeed, neutrophils are capable of incorporating chloride into insoluble fractions of phagocytosed bacteria (35) . The reactivity of HOC1 also suggests potential control mechanisms for limiting its production. HOCI generation by neutrophils would be dependent on the quantity of H202 produced, the rate of H202 catabolism by endogenous catalase or the glutathione redox system, the amount of myeloperoxidase released, and the availability of potential substrates for HOCI. If sufficient myeloperoxidase is released but there are no available substrates for HOCI, either myeloperoxidase (6, 10) or possibly NADPH oxidase itself (36) could be rapidly inactivated. In our system, 2 x 106 zymosan-stimulated neutrophils generated -260 nmol of H202 (based on values obtained for 2.5 X 105 cells) compared with -100 nmol of taurine chloramine. We conclude that -40% of the detected H202 was utilized by the myeloperoxidase system to generate HOCI. Although the utilization of H202 by myeloperoxidase may be maximized in our system via the maintenance of high concentrations of taurine, chloramines are oxidants that may be capable of inactivating myeloperoxidase (37) . In the presence of an acceptor molecule that does not form an oxidant, even more effective utilization of H202 by myeloperoxidase might be attained.
In this study, taurine was used to trap and quantitate HOCI, but these results also suggest that neutrophils may use amines present at inflammatory sites to generate stable chloramine derivatives. Chloramines can oxidize sulfhydryl containing compounds, thioethers,3 iodide, and may slowly hydrolyze to regenerate HOCI (38) . Indeed, Thomas (38) has recently demonstrated the bactericidal potential of a variety of chloramines. Thus, neutrophils could also utilize the myeloperoxidase system to generate long-lived oxidants capable of mediating inflammatory effects long after the termination of the respiratory burst. Based on the demonstrated reactivity of HOCI and its chloramine derivatives, these neutrophil-derived oxidants should play an important role in host defense and the inflammatory response.
